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It has been established that the S .cerevisiae Setl p is a histone H3 methyltransferase and 
in its absence causes a decrease in transcriptional activity of approximately 80% of ORFs 
(Boa, el ai., 2003). To understand the role of histone H3 lysine 4 methylation and how it 
influenced chromatin structure, nuclei from wildtype and selF strains were isolated and 
treated with different concentrations of micrococcal nuclease (Mnase). It was found that 
the wildtype nuclei were more accessible to Mnase in comparison to the selF strain, 
which had the appearance of heterochromatin and a smaller apparent repeat length. The 
role of Setl p H3K4 methylation on chromatin structure was analyzed at high resolution 
at the SIR4 and TRX2 promoters. The Sir4 gene was previously shown to be upregulated 
and the TRX2 gene down-regulated in the selF strain. The internucleosomal DNA at the 
SIR4 promoter in the selr strain was more accessible and more extensively cleaved than 
that of the wildtype strain. This suggested that the nucleosomes were differently 
positioned on the SIR4 promoter in the selF and wildtype strains. The nucleosomes on the 
TRX2 promoter had footprints that were shifted in the set F strain in comparison to the 
wildtype, and showed greater accessibility than the wildtype. These results supported the 
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Chapter 1: Introduction 
Chromatin structure plays an important role in the packaging of DNA within the 
eukaryotic nucleus. The structure consists of DNA wrapped around the histone octamer 
which forms the nucleosome (Zhang et al., 2004). Once thought of as being static 
complexes involved in higher order chromatin structure, the nucleosomes are now 
appreciated to be templates for many cellular processes, such as transcription, replication. 
repair, recombination and chromosome segregation (Rice and Allis, 2001). 
1.1 The Histones 
The nucleosome core particle consist of two copies of histones H2A, H2B, H3 and H4 
that form an octamer wrapped by 146bp of DNA (Wolffe, 1998 and Luger et at., 1997) 
The average molecular weight of one of these core histones is approximately 14,000Da 
and consist of between 102-129 amino acids . The linker histone HI protects an addition 
length of approximately 20bp in the nucleosome core (Mathews and van Holde, 1996) . 
HI has a molecular weight of approximately 23,0000a and consists of 244 amino acids. 
All core histones share an evolutionary conserved structural motif. which is three alpha 














Figure I: The structural motifs of the core histone proteins 
Chapter 1 
(A) The core histone structure consisting of the alpha l(al)-loopl (Ll) - alpha 2(a2)-loop2 (L2)-
alpha 3(a3) motif (Luger et al., 1997). 
The structure of HI comprises an unfolded N-tenninal region, a central globular region 
and an extended C-tenninal domain (Fig 2). The globular domain is 80 amino acids in 
length, with approximately 70% of the amino acids in the unfolded N- and C-tenninal 
domains. The yeast Saccharomyces cerevisiae linker histone Hhol has a less conserved 
structural motif than higher eukaryotes and consists of an unfolded N -tenninal region and 
two globular domains separated by a lysine-rich linker, which appears to be the 
functional equivalent of the metazoan C-tenninal tail (Ono et al., 2003). 
OD 
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Figure 2: The tertiary structures of the histone HI variants 
(A) HI structure consisting of an unstructured N-terminus, a globular domain (GD) and a C-
terminus (B) s. cerevisiae Hhol consisting of the unstructured N-terminus and two globular 












The histones form a well conserved class of proteins, with histones H3 and H4 being 
highly conserved and H2A, H2B and HI showing less sequence conservation 
(Wolffe, 1998). The human histone H4 has only two amino acid substitutions compared 
to its orthologue in peas, and there are only eight amino acid substitutions between 
humans and yeast H4 (Mathews and van Holde, 1996). The N-terminal tails of histones 
contain a high concentration of basic amino acids such as lysine and arginine. Histone HI 
consists of a high percentage of lysine residues in comparison to the core histones, which 
have an almost equal lysine/arginine ratio (van Holde, 1989). The high concentration of 
lysine residues within HI tails is important for higher order chromatin structure, and aids 
in packaging the nucleosomes into a 30nm fibre, consisting of six nucleosomes per tum, 
forming a solenoidal structure (Zhang et al., 2001). 
1.1.1 Histone Structure in the Nucleosome 
The crystal structure of the nucleosome core particle at 7 A resolution provided the first 
insight into the organization of the histone octamer (Richmond et al., 1984). The 
determination of the crystal structure of the nucleosome core particle was made possible 
by the isolation of nucleosomes by the micrococcal nuclease digestion of bulk chromatin, 
which liberated the nucleosome containing a fixed length of DNA. (Simpson, 1978; 
Dutnall and Ramakrishnan, 1997). The fixed length of DNA ensured that the 
nucleosomes were homogenous, facilitating crystallization. 
Many technical improvements were made to obtain a crystal structure which diffracted at 
a higher resolution. One of these was the reconstitution of the histone octamer on to the 












positioning sequence (Richmond et al., 1988).The crystal structure of the nucleosome 
core particle, solved at 2.8 A resolution, (Luger et ai., 1997) used a palindromic human 
alpha satellite DNA sequence, which diffracted at high resolution (Dutnall 
and Ramakrishnan, 1997) (Fig. 3). The use of a palindromic DNA sequence ensured that 
the nucleosome had two fold symmetry. 
At SHLO (super helix position zero), the nucleosome has a pseudo-two fold aXIS, 
dividing the DNA into two 73bp halves, with one base pair exactly aligned with the dyad 
(Luger et al., 1997) (Fig. 3). The DNA surrounding the histone octamer total 146bp, 
which is equivalent to 1.65 turns of the left handed super helix. The nucleosome core 
DNA has a radius of approximately 43A, a super helical pitch of 27 A and a helical 
periodicity of 10.2 bp. In contrast, a 147bp DNA nucleosome core particle, solved to 
1.9 A resolution, had a radius of 42A, a pitch of 26A and a 10.3 bp helical periodicity. 
The reasons for these differences were suggested to be differences in the DNA stretching 
in the core termini (Davey and Richmond, 2003). It was, therefore, evident that the DNA 
sequence was important in the formation of a compact nucleosomal structure, irrespective 














Figure 3: The crystal structure of the nucleosorne core particle 
Chapter I 
SHL -7 
The histone ocmmer consisting of histones H2A (orange and green a. helices), H2B (brown and 
green a. helices), H3 (blue and yellow a. helices) and H4 (pink and purple a. helices) wrapped by 
146 bp of DNA. The super helix location (SHL) represents the number of DNA helix turns, 
starting from SHLO to SHL 7. At SHLO the nucleosome is divided into 73 and 72bp halves with 












1.2 Nucleosome octamer structure 
The histone octamer consists of two histone dimers, (H2A-H2B) 2 and one tetramer, 
(H4-H3) (H3'-H4') (Fig 3) (Chantalat et al., 2003). The two heterodimers (H4-H3) 
(H3'-H4') interacted through a "four helix bundle" between H3 and H3'. The H2A-H2B 
dimer interacts with the (H3-H4) tetramer through a homologous four helix bundle 
between H2B and H4 (Luger e/ al., 1997; Chantalat et al., 2003). This ensured that the 
octamer symmetry is two fold, with approximately 121bp of DNA in B-form wrapped 
onto it (Chantalat et al., 2003; Davey and Richmond, 2003). 
1.2.1 DNA -histone interactions 
The first high resolution nucleosome core particle structure showed that there were five 
different features of DNA-histone interactions (Luger et ai., 1997). The DNA-histones 
had two different types of histone binding sites. The first is a a} at site, which uses the a 1 
of H3, H4 and H2B, and a2 of all four core histones to fix the phosphates by a helix 
dipole charge. The second type comprises the Ll and L2 loops. Hydrogen bonds are 
formed from the main chain amides in last tum of al or a2 of individual histoncs and 
through the amide nitrogen atoms from amino acid residues and through DNA phosphate 
atoms. There are no polar contacts between the DNA and the histones and hydrogen 
bonding occurs between basic or hydroxyl amino acids. The arginine side chain from the 
loop Ll chain enters minor groove 10 out 14 times. The H4 loop (L 1) arginine is inserted 
into the DNA minor groove at SHLO.S, for H2A at SHL2.S, for H3 and at SHLS.S for 












The N-terminal tail ofH3 passes between the DNA gyres at SHL 6.5-7 and SHL-0.5-0.1. 
The N-terminal of H2B passes through the DNA gyres at SHL 4.5 and SHL-2.5 to- 3.0 
(Fig 4B). These histone N-terminal tails are thought to play a part in higher order 
chromatin structure such as the 30nm fibre (Dutnall and Ramakrishnan, 1997). The 
histone N-terminal tails have been shown to be covalently modified, which are thought to 
alter the chromatin structure (Van Holde, 1989). It has been proposed that the N-terminal 
covalent modifications constitute a "histone code." 















Figure 4: The core histone binding sites 
(A) The interaction of histones H3 (blue ribbon) and H4 (red ribbon) and their DNA binding sites 
at SHL 1.5 yellow arrows. The histone H2B (yellow ribbon) binds the DNA at SHL4.5 (blue 
arrows). The histone H2A (green ribbon) interacts with H4 at SHL2.0 (purple arrow). (B) The 
histone tails and their interaction with the DNA super helix (Fig3B) (Luger et al., 1997; al., 
Chantal at et al., 2003) 
1.3 Euchromatin and Heterochromatin 
Experiments by cytogeneticists revealed that chromatin consisted of two distinct 
structural states: namely euchromatin and heterochromatin. Euchromatin is DNA-protein 
fibers that occupy most of the nuclear region, and are not as condensed as mitotic 
chromosomes. On the other hand, heterochromatin appeared as highly condensed clusters 












Heterochromatin can either be constitutive or facultative. Constitutive heterochromatin is 
found in the pericentromeric region that consisted of repetitive DNA sequences, such as 
short tandem repeats (STR's) and variable nucleotide tandem repeats (VNTR's) 
(Dillon and Festenstein, 2002). Facultative heterochromatin is an inactive maternal or 
paternal X chromosome in a particular cell lineage (Lewin, 1996). The epigenetic 
transcriptional states of eukaryotic genes are dependent on the position of the gene(s) 
within an accessible (euchromatic) or inaccessible (heterochromatic) environment, a 
phenomenom known as position-effect variegation (PEV) (Berger, 2001). 
1.4 Suppressors and enhancers of variegation 
Cellular differentiation occurs early in development. Cells then maintain their particular 
state throughout the life-cycle of the organism, without further differentiation (Beuchle 
et ai., 2001 ).The fruit fly Drosophila melanogaster has been used as a model to study the 
developmental processes of eukaryotes. From early genetic screens, it was determined 
that segmental development of the head, thorax, and abdomen was accomplished by the 
transcriptional activation of particular combinations of homeo-box-containing (Hox) 
selector genes (Beuchle et al., 20001 and Birve et al., 2001). The Hox genes are 
transcription factors and their particular combinations of activation are important in 
controlling the development of each segment. Hox genes have the ability to be active 
both within and outside their correct expression domains but are repressed in cells where 
they have to remain inactive. The propagation of the heritable silenced state of the Hox 
genes within Drosophila occurred in two steps. Firstly, during embryogenesis Hox gene 












cell line. These proteins, including Hunchback eBb), Knippel (Kr) and Knirps (kni), bind 
to cis-acting regulatory sequences of the Hox genes, which then repressed transcription 
(Beuchle et al., 2001). During the remainder of the organism's development (in the 
absence of the Gap gene products), the propagation of the heterochromatic (inactive) Hox 
state required the products of the Polycomb (PcG) genes (Beuchle et al., 2001). 
The regulation of the Hox genes during Drosophila embryogenesis is abolished when 
there are mutations in PcG genes. These lacks- of- function PcG mutants were unable to 
prevent the expression of Hox genes, and this led to Hox gene expression outside of its 
spatial domain. A mutation in 12 PcG genes was shown to be involved in the untimely 
gene expression of Hox genes during Drosophila development (Birve et al., 2001 and 
Beuchle et al., 2001). Hox genes have specific cis-regulatory sequences known as 
Polycomb response elements (PREs), which regulate their expression by the binding of 
PcG proteins to nucleosomes positioned on these DNA regulatory elements. Elimination 
of these cis-regulatory elements caused expression ofthese Hox genes. 
The PcG proteins form part of two multimeric complexes, namely the 1-2MDa PRC 1 
complex, and the 600 kDa ESC-E (z) complex (Simon and Tamkun, 2002: MUller et 
al., 2002). There is another group of proteins known as the trithorax group (trxG), which 
counteracts the effects of the PcG proteins. These proteins are not transcription activators, 
but are responsible for maintaining the active gene expression of the HOM-C genes 
within their spatial boundaries (La Jeunesse and Shearn, 1996). The trx genes were 
identified in the same manner as the PcG genes, namely by screening of mutants that 
showed similar phenotypes to that of Hox gene mutants. The trxG proteins have been 












complexes are: a 2MDa BRM complex, 2MDa ASH t complex, a 500kDa ASH2 complex 
and a IMDa TRX complex (TACt) (Simon and Tamkun, 2002; Muller et at., 2002). 
The PcG and trxG proteins can be divided into two groups: one which suppresses 
variegation [the Su (var) group], containing the PcG proteins, and the other that enhances 
variegation [E (var)], and that contains the trxG proteins. These [Su (var)] and [E (var)] 
group proteins have been shown to encode protein modules which were associated with 
histone post-translational modifications, chromatin remodeling and silencing complexes 
(Jenuwein and Allis, 2001). 
1.5 Post-translational modifications 
The histones remain an integral part in maintaining higher order chromatin structure and 
are key components in regulating the machinery responsible for transcription (Strahl and 
Allis, 2001). As mentioned, the histone tails are subjected to various post-translational 
modifications (Table 1), which occur on all core hi stones. These covalent modifications 
are hypothesized to alter chromatin structure, thus allowing the unmasking of DNA 
regulating elements to various transcription factors (Berger, 2001). Extensive 
experimental evidence suggested that different histone modifications were linked to 
various transcriptional states, which are either "euchromatic" (on) or "heterochromatic" 
(off) (Jenuwein and Allis, 2001). As mentioned, the PcG proteins which formed part of 
the sub-class of the Su [var] group were involved in maintaining the heterochromatic 
state of genes. The Su[var] genes coded for enzymes and chromatin associated proteins 
such as histone deacetylases (HDACs), protein phosphatases (PPTases), 












[Su(var) 2-5]. These chromatin associated proteins were found to posses various domains 
that may modulate chromatin structure, including the bromodomain which is 
characteristic of histone acetyltransferases (HATs), SNF2, TAF1I250 and the mammalian 
trithorax (HRXlMLL) and was shown to bind to acetylated lysine residues in histone H3 
(lenuwein and Allis, 2001). The chromo domain is characteristic of proteins involved in 
heterochromatin formation, such as the Polycomb group and HPI proteins. The histone 
methyltransferases (HMTs), with the exception of the disruptor of telomeric silencing 
protein (Dotlp), has the characteristic SET domain, which is found in Su (var) 3-9, E (z) 
a member of the Polycomb group, and Trithorax proteins (Allis and lenuwein, 2001 and 
Lacoste et al., 2002). The three classes of enzymes that have been focused on in the last 
decade has been the histone acetyltransferases (HATs), histone deacetylases (HDACs) 












Histone Type of Position Residue(s) 
modification 
H2A Acetylation NH2- terminal tail K5 and K9 
Ubiquitination COO- terminal tail K119 
H2B Acetylation NH2- terminal tail K5, K12, K15 and 
K20 
Ubiquitination COO- terminal tail K123 
H3 Acetylation NH2- terminal tail K9,KI4,K18,K23 
and K 27 
Methylation NH2- terminal tail R2,K4,K9,K17,K26 
and K27 
Within loop 1 K36 
between helix 1 and 
helix 2 
Within the H3 K 79 
globular domain 
H4 Phosphory lation NH2- terminal tail SIO and S28 
Acetylation NH2- terminal tail SI ,K5,K8,KI2 and 
KI6 
Methylation NH2- terminal tail R20 
Table 1: Tbe covalent post-translational modifications oftbe core bistones. 
This table is representative of the known histone post-translational modifications. Many more 
could still be discovered. Most studied covalent modifications occur on the NHrterminal tails of 
histones except ubiquitination which occurred on the C-terminal carboxyl group. Certain lysine 












1.5.1 Histone Methylation 
Histones have been known to be methylated for almost four decades (Van Holde 1989). 
These covalent modifications were known to occur on the s- amino group of the lysine 
residues, and on the guanidino nitrogens of arginine residues (Table 1). The lysine 
residues on histones can either be mono-, di- or tri-methylated, whereas the arginine 
residues are only mono- or di-methylated (Zhang and Reinberg, 2001; Santa-Rosa et aI., 
2002). These modification states on the lysine residues have no effect on the overall 
charge of the histone tail, but they do increase its basicity and hydrophobocity (Rice and 
Allis, 2001). It was thought that increasing the methyl groups from the mono- to 
tri-methylated state, there would be a higher affinity for DNA (Rice and Allis, 200). It 
was shown that lysine methylation was dependent on two kinds of 
S-adenosyl-L-methionine (Ado Met) dependent enzymes, which were the disruptor of 
telomeric silencing (Dot 1) and the SET methyltransferases (Xiao et al., 2003). In addition 
arginine methylations were catalyzed by the PRMT ICARM methyltransferases (Zhang 
and Reinberg, 2001). 
1.5.1.1 Arginine Methyltransferases 
The covalent modification of arginine residues by methyltransferases resulted in either 
mono-or di-methylation. Di-methylated arginines can appear in symmetric or asymmetric 
configurations, and the enzymes identified in this process have been classified based on 
these two configurations. The first class, known as the protein arginine 
NG -monomethylarginine, catalyzed the formation of the asymmetric 












W-monomethylarginine and symmetric NG, NG-dimethylarginine residues (Gary and 
Clarke, 1998). The first class of arginine methyltransferases consisted of the protein 
arginine methyltransferase (PRMTl), PRMT2, PRMT3 and the co-activator-associatcd 
arginine methyltransferase I (CARMIIPRMT4). 
Of these four arginine methyltransferases only PRMTI and CARMIIPRMT4 have been 
identified as histone arginine methyltransferases, although they also displayed 
methyltransferase activity towards other substrates (Zhang and Reinberg, 2001). 
PRMTI has histone methyltransferase activity directed towards H4R3, and methylated 
RNA binding proteins in addition to the heterogeneous nuclear protein Al (hnRNP AI) 
(Lee and Bedford, 2002). 
The CARMlIPRMT4 complex showed histone methyltransferase activity towards H3 in 
vitro at R2, R 17 and R26, and was a co- activator, which regulated transcription when co-
recruited with the p 160 family of co- activators. PRMT2 was identified in silico, by using 
the conserved catalytic core domain of previously identified arginine methyltransferases 
(Zhang and Reinberg, 2001). Recombinant PRMT3 was shown to have methyltransferase 
activity, but is yet to be fully characterized. The only class two enzyme identified thus far 
was PRMT5, which was shown to methylate histones H2A and H4, as well as the myelin 
basic protein and fibrillamin (Zhang and Reinberg. 2001). The arginine 3 
methyltransferases appear to have a broad substrate specificity which regulates numerous 
cellular processes in comparison to the histone lysine methyltransferases (see below), 












1.5.1.2 Lysine methyltransferases. 
The first isolated mammalian SET methyltransferases were the human (SUV39Hl) and 
the murine (SUV39h 1) orthologues of the Drosophila position-effect variegation 
modifying proteins Su (var) 3-9 and the Schizosaccharomyces pombe Clr4 (Rea et 
al.,2000). This group of proteins was characterized by their two conserved domains, 
which were the 60 amino acid chromo domain, and the 130-140 amino acid SET domain 
(Nislow et al., 1997 and Rea et al., 2000). The SET domain was found in proteins from 
various organisms ranging from viruses to human (Kouzarides, 2002 and Manzur et ai, 
2003). This evolutionary conserved domain was first characterized as a common 
structural motif in the PEV proteins Su (var) 3-9, the PcG protein E (z) and the trxG 
proteins TRX (Rea et aI., 2000). The experiments by Rea et al., (2000) showed that the 
catalytic activity of the SET domain was dependent on the adjacent cysteine-rich regions. 
The exception to this was the 119 amino acid SET domain protein from the large double 
stranded DNA-containing virus, Paramecium bursaria chlorella, which lacked these 
cysteine -rich pre-SET and post-SET motifs (Manzur et al., 2003). 
In recent reviews it was outlined that the SET domain was found in more than 300 
proteins in a wide range of species. To date 6 Set domain proteins have been identified in 
S. cerevisiae, II in S. pombe, 41 in D. melanogaster, and there are 73 in the human 
database. (Kouzarides, 2002; Sims III et aI., 2003) In the review by (Kouzarides, 2002) 
the SET proteins were classed into four families based on their identity with the human 
SET domain and their relationship with the S. cerevisiae SET domain. The four families 
are the SET1, SET2, SUV39 and the Riz family. The dendogram shown in Figure 5 was 











1.5.2 The SET protein families 
1.5.2.1 The SUV39 family 
Chapter I 
The SUV39 family is characterized in having both pre-SET and post-SET cysteine - rich 
domains (Kouzarides, 2002). As previously mentioned, the human SUV protein 
SUV39Hl, and the murine SUV protein, Suv39hl, were the first to be isolated and 
characterized as histone lysine methyltransferases (Rea et al., 2000). These proteins are 
known to methylate H3 at lysine 9 and 27 (Sims III et al., 2003).The methylation of 
H3K9 was shown to result in the binding of the heterochromatin protein (HPI) through 
its chromo domain, which was involved in transcriptional silencing at euchromatin, and 
maintenance of heterochromatin (Bannister et al., 2001; Nakayama el al., 2001; 
Nielsen et al., 2001). 
1.5.2.2 SETI family 
The Setl family consists of all the proteins represented in Fig 6 and unlike the SUV39 
family, do not contain a pre-SET cysteine - rich domain (Kouzarides, 2002). The Setl p 
protein from S. cerevisiae was shown to be a H3K4 methyltransferase 
(Roguev et at., 2001). The Set 1 family can be divided into two sub- families, based on 
function and homology to the PcG and Trx groups of proteins. The sub family SETIA is 
representative of the Trx group. It includes the human mixed lineage leukemia (MLL), 
Drosophila trithorax (TRX), and human trithorax, and have been shown to methylate 
H3K4 and was associated with transcriptional activity (Sim III et aI., 2003). The SETl B 












1.5.2.3 The SET2 family 
The yeast SET2 and the mammalian nuclear receptor binding SET -domain protein 
(NSD 1) have both been shown to methylate H3K36. They have structural and functional 
similarities to both the SETl and SUV39 families. The Drosophila absent, small or 
homeotic discs (ashl) gene is 32% identical to the SU (VAR) 3-9 proteins in having both 
a pre-SET and post-SET domains (Byrd and Shearn, 2003). It was shown by Beisel et al., 
2002 that the Ashl protein had histone methyltransferase activity in vitro to H3K9 and 
H4K20. 
1.5.2.4 The Riz family 
This family consists of the retinoblastoma-interacting zinc finger (RIZ), the B-cell 
induced maturation protein (BLIMPl) and the PFMl proteins. Unlike the aforementioned 
SET families, the RIZ family has the SET domain situated near the C-termini, and there 
are no pre-SET and post-SET cysteine-rich domains. In addition, members have 
insertions within the NHSC catalytic motif, which would prevent any catalysis. The RIZ 
proteins have a zinc finger motif, which implies that they may have DNA binding 
activity, and they may function as transcription factors (Kouzarides, 2002). 
It appears that the classification of the different SET proteins within the SETI, SET2 and 
SUV39 families is premature. As mentioned the EZ, EZH2 and ASHl proteins are placed 
into families based on sequence similarities to humans, and display functional 
characteristics of proteins within other families. In future, as more data becomes available 
on these proteins, a classification should be based on the various domains and the 
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Figure 5: The Set family of transcriptional activators and repressors. 
A dendogram depicting the relationship between the SET family members. The non-rooted tree 
was based on a multiple sequence alignment of the SET domain from S. cerevisiae Setlp protein. 
The SET proteins can be grouped into four classes based on their homology within their SET 
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Figure 6: A multiple sequence alignment of the Setl family 
Cbapter I 
A multiple sequence alignment of the Setl family showing the highly conserved Set domain. 
The clustal W program was used to generate a multiple sequence alignments. The black asterisks 
represent the conserved residues of the setl methyltransferase catalytic core. Residues that are 












1.5.3 SET methyltransferase structure 
During the past two years many advances have been made in obtaining 3D structures of 
the SET histone lysine methyltransferase domain. Crystal structures have been elucidated 
for the yeast Sz. Pombe Clr4, human SET7/9, Neurospora crassa DIM-5, Paramecium 
bursaria vSET and the non-Set containing methyltransferase Dot 1 P (Fig 7) (Wilson et 
al., 2002) al., 2002; Zhang et ai., 2002; Min et al., 2002; Manzur et al., 2003). One of the 
first crystal structures obtained was the yeast Clr4 methyltransferase, which is a member 
of the SUV39 group/family (Kouzarides, 2002). This group was shown to methylate 
H3K9 which was involved in gene silencing through the binding of the HPl protein. The 
crystal structure of the yeast Clr4 methyltransferase at 2.3-3.0 A resolution provided the 
first insights into the function of this protein, and how the SET domains facilitated the 














Figure 7: The crystal structures of four histone lysine methyltransferases 
(A) Neurospora crassa DIM-5, (B) Paramecium bursaria vSET (C) human SETI/9 (D) yeast Sz. 
Pombe Clr4. These methyltransferases have structural similarities within their C-tenninis, 
contains the evolutionary conserved SET domain (Zhang et af., 2003; Manzur et al., 2003, Min et 












1.5.3.1 The structure of the Sz. pombe Clr4 methyltransferase 
The crystal structure by Min et al., (2002) allowed several deductions. The Clr4 enzyme 
consisted of an N-terminal (pre-SET) and a C-terminal (post-SET) domain, which 
flanked a 192-490bp catalytic SET domain (Fig 7D). The N-terminal region that 
preceded the pre-SET domain, consisted of one helix (aA), one ~-strand (~1) and a long 
loop (loop2). The pre-SET region consisted largely of unstructured random coils, and 
also included a short helix (aB) and a short ~-strand (~2). The post -SET domain 
consisted of a 30 residue unstructured region (Fig 8B). The SET domain consisted of 
eight ~-sheets (~3-~1O) and two short helices (aC and aD) (Fig 8A&B). The catalytic site 
of the SET domain was negatively charged, and was situated in a shallow groove. The 
residues 406-412 (Arg-Phe-Phe-Asn-His) formed the left side of the shallow groove 
situated in the loop connecting helix aD with ~9. The Clr4 proteins predicted that 
S-adenosyl-L-methionine's binding pocket (Fig 8A green arrow) was not situated in a 
solvent- devoid region as in the S-adenosyl-L-methionine (SAM) dependent DNA and 
protein arginine methyltransferases. Based on biochemical evidence, the SUV39/Clr4 
family has sequence conservation at residues 319-325, which is important for the 
stabilization of a zinc cluster and residues in the pre-Set region (Fig 8B black arrow) 
(Min et al., 2002). Thus far the only structure which demonstrated the catalytic 
mechanism was the SET7/9 methyltransferase, which was solved with a bound substrate 
















Figure 8: The structure of tbe Clr4 methyl transferase 
(A) A surface representation of the of the Clr4 structure where the arrows indicates the predicted 
catalytic site. (B) Schematic organization of the SET domain which consisted of 1 0 ~-sheets and 
4 a-helices (Min et ai., 2002). 
1.5.3.2 The catalytic mechanism of a SET methyltransferase 
Due to the high sequence conservation among the SET family of proteins and their 
structural similarities, it is apparent that these characteristics will be evident in their 
catalytic sites. Thus far only the human SET7/9 -S-adenosyl-L-methionine mechanism of 
lysine methyl transfer has been revealed through a high resolution crystal structure 
(Fig 8A and B) (Xiao et al., 2003; Kwon et al., 2003; Wilson et al., 2002). From these 












is where catalysis should take place. The human SET7/9 protein was shown to methylate 
histone H3 lys4 (H3K4). This protein can only mono- and di- methylate H3K4 and is 
present at both active and inactive genomic regions (Sims III et al., 2003). 
The enzyme - substrate data by Kwon et ai, (2003) and Xiao et ai, (2003) gives us an 
indication of the mechanism by which catalysis would take place. The Adomet binding 
site consisted of a channel with dimensions 9.5A x13A and a depth of 8.5A formed by ~­
sheets and variable loops (Fig 9A & B). The channel surface has the RlHxxNHS motif, 
which is highly conserved among the SET domain family. The Adomet molecule 
interacted with this channel via hydrogen bonding and Van der Waals interactions. The 
binding of the histone tail occurs in a channel which has a diameter and a depth of 6A. 
This channel is formed by the aromatic side chains of tyrosine residues (Y245, Y305, 
Y335 and Y337) as well as L267 (Fig 9A and C) (Kwon et aI., 2003 and Xiao et aI2003). 
Through site directed mutagenesis and ELISA K won et al., (2003) showed that the 
residues H293, H297, K294, D276, W352, Y305, Y245 and Y335 are important for 
enzyme catalysis (Fig 9C and D) (Kwon et al., 2003 and Xiao et al., 2003). Because of 
the structural similarities the yeast Clr4 methyltransferase probably catalyses H3 

























Figure 9: Tbe catalytic site of a SET7/9 H3-K4 metbyltransferase 
(A and B) Surface and ribbon representation of SET7/9 binding an Adomet molecule and the 
histone tail binding site blue arrow (C and D) The SET7/9 catalytic site showing the interaction 
with a co-factor through van der Waals and hydrogen bonding (Kwon et al.,2003 and Xiao et 
al., 2003). 
1.5.4 Functions of histone lysine methylation 
Histone methylation has been linked to various functions in different organisms. The 
methylations on H3K9, H3K27 and H4K20 have been linked to gene repression, DNA 
methylation, heterochromatin formation, and X-inactivation (Lachner and Jenuwein, 
2002). In contrast, the methylation of H3K4, H3K36 and H3K79 are associated with 
transcriptionally active regions (Sims III et al. , 2003). 
Histone H3 lysine 4 methylation has been shown to regulate transcription through its 
association with the Iswi ATPase and is involved in rDNA and telomeric silencing 












transcriptional events and the silencing of the above mentioned regions are not dependent 
on the silencing in regulation (SIR) proteins. Hui Ng et al., (2003) has shown that the 
regulation of transcriptional events is dependent on the level ofH3-K4 methylation at the 
5' ends of genes. The methylation of coding regions could prevent the spreading of 
heterochromatin and could provide an epigenetic memory for past transcriptional events 
(Bryk et al., 2002; Ng et al., 2003). Histone H3 methylation (K9 and K27) was clearly 
shown to be involved in gene silencing through the binding of the HPl protein or through 
DNA methylation. Certain enzymes such as the human Ezh2 and the G9a 
methyltransferase have the ability to methylate H3K9 and K27 (Sims III et ai., 2003 and 
Cao et aI., 2002). It was shown in the fission yeast and higher eukaryotes that K9 
methylation plays an important role in heterochromatin formation and gene silencing. 
Through the characterization of various methyltransferases from different organisms, the 
role of histone lysine methylation was shown to function by maintaining transcriptional 
boundaries, and the regulation of gene expression (Table2). The field of histone 
methylation is growing rapidly since it has been shown that these modifications and the 












Organism Site Methyltransferase Function I Reference I Methyl-
ated i 
Yeast H3K4 spSetlp Telomere Kanoh et al.,2003 
maintenance Noma and 
and DNA repair GrewaL,2002 
ScSetlp rDNA silencing Bryk et al.,2002 
Telomeric Krogan et al.,2002 
silencing 
Gene Boa et al.,2003:Santos 
expressIon Rosa et al.,2002; 
Miller et al.,200 1; 
Carvin and 
Kladde,2004 
H3K9 Clr4 Centromeric Bannister et al.,2001 
heterochromatin Nakayama et al.,2001 
and gene 
silencing 
H3K79 Transcription Sim III et al.,2003 
activation 
Neurospora H3K9 DIM5 DNA Tamaruand 
crassa methylation Selker,2001 
Arabidopsis H3K9 Kryptonite DNA Jackson et aI, 2002 
thaliana methylation 
Drosophila H3K4 Ashl Gene Byrd and Shearn,2003
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H3K9 Su(var)3·9 Heterochromati Schotta et ai.,2002 
n gene silencing Eskeland et ai.,2004 
Human H3K9 E(Z) Homeotic gene Czermin et al.,2002 
&K27 silencing 
H3K4 SET9 Transcriptional Nishioka et ai.,2002 
regulation 
MLL, ALL·} Gene activation Sim III et ai.,2003 
SET7/9 
H3K9& G9a Euchromatic Tachibana et 
K27 gene regulation ai.,2001;Litt et ai.,200l 
H3K9 Suv39Hl Peri centric Lachneret 
heterochromatin al.,200l;Vaute et 
formation al.,2002 
Bannister et ai.,2001 
Gene silencing Nielsen et ai.,2001 
SETDI Gene silencing Schultz et al.,2002 
I 
Table 2: The various histone methyltransferases and their functions. 
Known histone methyltransferases that occur in humans, yeasts, Arabidopsis thaliana, 












1.6 The Histone code 
Through the discovery of the various enzymes responsible for the covalent modification 
of histones, many advances have been made in understanding their role in the epigenetic 
regulation of genes. This led lenuwein and Allis, (2001) to propose a "histone code 
hypothesis", suggesting that covalent modifications of the histone N-terminal tails could 
induce interaction affinities for various chromatin associated proteins. The experiments 
of Nielsen et af., (2001) provided the first evidence for the histone code hypothesis. They 
showed that methylation of H3K9 by the D. melanogaster SUV39Hl methyltransferase 
created a binding site for the chromo-domain of HPI. These proteins, together with the 
retinoblastoma (Rb) proteins, repress the cyclin E promoter. In contrast, it has been 
shown that in S.cerevisiae the Setl histone methyltransferase is responsible for rONA 
silencing which is not mediated by the SIR2 mechanism (Bryk et al., 2001). 
Various combinations of histone post-translational modifications may occur on the same 
or different histones tails. The methylation of H3K4 and acetylation of H3K9 on the same 
N-terminal tail has been shown to be involved in transcriptional activation during 
developmental changes at the chicken ~-globin locus (Litt et al., 20ot). Subsequently, 
phosphorylation of S 1 0 and methylation of K9 of histone H3 was also shown to be 
involved in transcriptional activation (Nowak and Corces, 2004). The ubiquitination on 
H2B K123 was required for the methylation of H3K4 by the Setl methyltransferase, and 
was required for the localization of this enzyme at the 5'ends of genes (Sun and Allis, 












The concentration and various combinations of these post-translational modifications 
were responsible for the formation of higher order chromatin structures such as 
euchromatin and heterochromatin. For example, histone lysine methylation was shown to 
be involved in heterochromatin formation in contrast to acetylation which is associated 












1.7 Project aims 
It was shown that the yeast Saccharomyces cerevisiae Setl p methyltransferase 
methylated histone H3 at lysine 4 (Boa et az., 2003; Roguev et az., 2001) It has been 
established that the absence of the Setl p methyltransferases caused repression of genes 
within yeast (Boa et al., 2003). Methylation by the Setl p methyltransferase was 
responsible for 50% of the total H3K4 methylation and has been shown to occur at both 
inactive and active genes, with tri-methylation occurring only at the 5'end of active genes 
(Bernstein et at., 2002; Santa Rosa et aZ., 2002). It was not clear whether the repression 
of genes within the yeast genome was due to the global change in chromatin structure or 
due to the recruitment of various transcription factors. 
In order to understand the role ofK4 methylation, specifically whether it maintained a 
general, transcriptionally condusive structure by virtue of the chemical modification, or 
whether it allowed the recruitment of chromatin associated factors, we investigated the 
role of H3K4 methylation on bulk chromatin structure. 
To analyze the chromatin structure in a wildtype and a setF strain, nuclei and 
sphaeroplasts was isolated. These nuclei and sphaeroplasts were treated with different 
concentrations of micrococcal nuclease (Mnase) to determine the accessibility of this 
enzyme to chromatin. To determine the changes of the nucleosome structure at individual 
promoter regions, genes that showed a significant increase and decrease in transcriptional 
activity in response to deletion of the SET 1 gene was analyzed. It was expected that 













CHAPTER 2: MATERIALS AND METHODS 
The following molecular and biochemical manipulations were performed using 
established protocols (Ausubel et al., 1995; Adams et al., 1997 and Kent et al., 1993). All 
the chemical reagents and media were of molecular biological grade and were prepared 
using deionised water produced with a milli-Q filtration system (Milli-Pore). All 
synthetic DNA probes were synthesized by the Oligonucleotide Synthesis Unit in the 
Department of Molecular and Cell Biology, University of Cape Town. Plasmid and gel 
extraction purifications were performed using QIAquick plasmid and gel purification kits 
according to the manufacturers instructions (Qiagen, GmbH, Hilden, Germany). 
2.1 Yeast strains 
All nuclei and sphaeroplasts isolations were performed using the strains LPY 197 (MAT 
a ade 2-101 his3A-200 lecJ2Al trplAllys2-801 TELadh4:.'ura3) and the LPYA setla, is 
isogenic except at the SETl locus (setl.'.' His3) (Nislow et at., 1997 and Boa et al., 2003). 
2.2 Cell growth 
Yeast media was prepared as described previously (Adams et al., 1997). The rich 
medium yeast peptone dextrose (YPD) contained 1 % (w/v) yeast extract (Difco), 
2% (w/v) peptone and 2% (w/v) glucose. The complete synthetic medium lacking 
histidine contained 0.67% (w/v) yeast nitrogen base without amino acids (Difco), 












contained 0.001% (w/v) polypropylene glycol 2000 (Fluka) to minimize flocculation. For 
agar plates, 2% (w/v) bacto-agar was added and all the media autoclaved for 15 minutes. 
Yeast cells were inoculated into 5 ml YDP and grown at 30°C overnight with rotation at 
150 rpm (Sanyo orbital shaker). These fresh overnight cultures were used in subsequent 
inoculations (Adams et al., 1997). 
2.3 Yeast nuclei Isolations 
Nuclei preparations were performed according to Allis laboratory protocol with slight 
modifications. Micrococcal nuclease (MNase) digestions were performed as described by 
(Szent-Gyorgyi et al., 1987). 
Approximately 1 00~1 of a pre-inoculum was taken, and inoculated into 2000ml of YDP 
and grown at 30°C to an OD 0.7-0.8 (approximately 16 hours). Cells were harvested by 
centrifugation at 5000rpms for 5min at 4°C (JA 14 rotor). The pellets were washed twice 
in 50ml of ice cold water and centrifuged. The cells were resuspended in 10mi of 
sphaeroplasting buffer (lM sorbitol, 50mM potassium phosphate (pH6.5), 14mM ~­
mercaptoethanoI), and Imi of lOmg/ml Zymolyase (Seikagaku American Inc.) added. 
Sphaeroplasting was allowed for 60min at 30°. To determine sphaeroplasting 
completeness, the ability to "squish" cells was determined with the aid of a light 
microscope. Sphaeroplasts were pelleted at 5000 rpm for 5 min at 4°C, resuspended in 
10mi sphaeroplasting buffer, and centrifuged at 5000rpm for 5min at 4°C. Sphaeroplasts 
were then resuspended in 10mi of lysis buffer (18% Ficoll 400, 20mM potassium 
phosphate (pH 6.8), ImM MgCh, 0.5mM EDTA, ImM PM SF and l~glml 












SOrpm. The cell suspension was then chilled on ice for 10mins, and cell debris pelleted at 
SOOOrpm for 10min at 4°C.The supernatant was transferred to a new centrifuge tube, and 
the nuclei pelleted at 18000rpm for 30mins at 4°C. The nuclei were resuspended in 10m) 
NP buffer (0.34M sucrose, 20mM TRIS (PH 7.4), SOmM KCl, SmM MgCb ImM PMSF 
and IlJ.glmlleupeptinipepstatin) and pelleted in 2ml cushion buffer (NP buffer containing 
1.7M sucrose) at lS000rpm for 30min at 4°C. Nuclei were finally resuspended in Iml 
NP buffer containing 50 %( v/v) glycerol and stored at ~20°C until use. Nuclei that were 
to be used directly for micrococcal nuclease digestions were resuspended in 4ml of 
digestion buffer D (lOmM Hepes (pH 7.S), O.SmM MgCb, O.OSmM CaCb and ImM 
PMSF). 
2.3.1 Nuclei Quantitation 
Nuclei were quantitated by diluting the nuclei 1:100 in O.lM NaOH. Spectrophotometer 
readings were taken at 260nm, where 1 mg nuclei := 20 OD unitsA260. Concentrations for 












2.3.1 Micrococcal nuclease digestions of Nuclei 
The resuspended nuclei were divided into 200j!1 aliquots and 10j!1 of micrococcal 




Stock (20U/fll) [Micrococcal [Final] 
I 
dilution nuclease] (U/ml) (units) 
1 15 15000 750 
2 7.5 7500 375 
3 3.75 3750 188 
4 1.88 1880 94 
5 0.94 940 47 
6 0.49 490 25 
I 
Table 3: The treatment of yeast nuclei with different concentrations micrococcal nuclease. 
Micrococcal nuclease digests were done at 37°C for 15 min and the digests were 
quenched in 1110 volume 100mM EDT A. The samples were then adjusted to 20j!1 of 
Img/ml Ribonuclease H (Sigma) and incubated at 37°C for 30minutes. The samples were 
quenched by adding 10j!1 of 5M NaCl, 30j!1 of 20% SDS and 30j!1 of 10mg/ml of 












2.3.2 DNA purification 
DNA extraction and purification was performed using standard phenol extraction and 
ethanol procedures (Ausubel et al., 1995). The DNA was resuspended in 20J.lI of dH20. 
2.4 Micrococcal nuclease digestion of permeabilised yeast spbaeroplasts 
A 100ml volume of YPD was inoculated with 100J.lI of fresh over-night culture and 
incubated for 16hrs (OD600 - 0.6-0.8) at 30° C with shaking at 70 rpm (Sanyo orbital 
shaker). The yeast cells were harvested by centrifugation at SOOOrpm for 5 min at 4°C. 
Cells were resuspended in 20m} of 1M sorbitol, and at SOOO rpm for S min at 4°C. Cells 
were then resuspended in 10ml of sphaeroplasting buffer (lml of lOmg/ml zymolyase, 
lOmM ~-mercaptoethanol and 1M sorbitol) and incubated at 30°C for 1 hr. The yeast 
sphaeroplasts were harvested by centrifugation at 5000 rpm for Smin at 4°C. The 
sphaeroplasts were washed in 1 M sorbitol and re-pelleted. The sphaeroplasts were 
resuspended in 800J.ll of Buffer A (1M sorbitol, 50mM NaCl, lOmM Tris-CI (pH 7.4), 
5mM MgCh, ImM CaCh, ImM ~-mercaptoethanol and O.SmM spermidine). Aliquots of 
100J.lI of resuspended sample were dispensed into 6 eppendorfs and each sample mixed 
with 100J.lI of ice-cold Buffer B (Buffer A + 10 % (v/v) NP40). For the free DNA control 
an aliquot of 400J.lI of sphaeroplasts solution were dispensed into an eppendorf and mixed 
with 400J.lI ice cold Buffer B. 
From the following micrococcal nuclease stocks, 10J.lI were used in micrococcal nuclease 
digest. The following concentrations of Mnase were used: lSU/J.ll, 7.SU/J.lI, 3.75U/J.lI, 
1.88U/J.lI, 0.94U/J.ll and 0.49U/J.ll. The digests were incubated at 37°C for exactly 10min 












addition of 6Jll proteinase K (1Omg/ml). This mixture was further incubated at 37°C for 
1 hr. Standard phenol/chloroform extraction followed by ethanol precipitation was done 
as described in section 2.3.2. To the undigested DNA sample, 400Jll of Buffer A was 
added and 100Jll dispensed into 4 eppendorfs, to which 100Jl} Buffer B was added. For 
Mnase digests 2Jll of Mnase was added from the concentrations listed in Table 4 
(Kent et al., 1993). 
Sample Stock (lOU/pJ) [Mnase] (U/m) Final (U/ml) 
dilution 
I 
I A B A B A I B 
1 2.0 10.0 4000 20000 20 100 
2 0.75 2.0 1500 4000 7.5 20 
3 0.20 1.0 400 2000 2.0 10 
4 0.10 0.2 200 400 1.0 2.0 
i 
I 
Table 4: Genomic DNA was digested with the following concentrations of Mnase. 
The concentrations of Mnase used in genomic DNA digests and for indirect end-labeling. The 
Mnase concentration in column B was used in experiments analyzing chromatin structure at the 
TRX2 promoter using the 513bp probe. The Mnase concentration in column A was used in 












Incubate for 5~10 min at 37°C. Stop the reaction by adding an equal volume of phenol: 
chloroform: isoamyl alcohol (25:24: 1). DNA was then isolated using standard 
Phenol/Chloroform and ethanol precipitation method as described in section 2.3.2.The 
DNA was resuspended in 10j.t1 of dH20. 
2.5 Agarose gel electrophoresis 
All micrococcal nuclease digest, naked DNA digests and PCR products were confirmed 
by agarose gel electrophoresis on a mini 1 % (w/v) agarose gel using TBE ele¢trophoresis 
buffer (90mM TRIS, 89mM Boric acid and 2.5mM EDT A) containing 10j.tg/ml of 
ethidium bromide. DNA was electrophoresed at 90V for Ihr and visualized by short 
wavelength (254nm) UV transillumination. Large 1 % (w/v) agarose (20 X 25cm) TBE 
gels were run at 25V overnight (Ausubel et al., 1995). 
2.6 Restriction endonuclease digest 
The following marker and subsequent chromatin and naked DNA secondary digestions 
were performed using (500 units) of the enzymes at (lOU/,.d) BstEH and (1000 units) of 
(lOU/j.tI) DraI (Roche). The restriction digests of the marker were performed in 20j.t1 
volumes that contained 10j.t1 of DNA (Section 2.4), 1.7j.t1 lOX restriction enzyme buffer, 
4.3j.t1 H20 and 10U/JtI restriction enzyme. The reaction was incubated at 37°C for 3hrs. 
The restriction enzyme digests were verified by running 2Jtl on a 1 % (w/v) agarose 












2.7 Yeast genomic DNA isolation for peR 
LPY197 yeast cells were grown overnight at 30°C in 5ml ofYPD. The cells were pelleted 
at 5000 rpm for 5 min at 4°C and resuspended in 500111 of 1 M sorbitol, 100mM EDTA 
(pH7.5). Sphaeroplasting of the cell pellets was achieved by adding 20111 of a 2.5mglml 
of zymolyase (Seikagaku American Inc.) and incubating for lhr at 30°C. The 
sphaeroplasts were harvested in a bench top micro centrifuge at 12000rpm for 1 min. 
Sphaeroplasts were then resuspended in 500111 of 50mM Tris-CI (pH7.4), 20mM EDTA 
and 500 III 10% (w/v) SDS added, and incubated for 30min at 65°C. After the incubation, 
200lli of 5M potassium acetate was added, and the mixture placed on ice for 1 hr. 
Centrifugation was performed in a bench top micro centrifuge at 12000rpm for 5min. The 
supernatant was transferred to a new l.5ml eppendorf and 1 volume of absolute 
isopropanol added. The mixture was inverted ten times, and allowed to incubate at room 
temperature for 5 min. Centrifugation was performed in a bench top micro centrifuge at 
12000rpm for lOs. The supernatant was decanted, and dried in a speedivac for 
45 minutes. The pellet was resuspended in 300lli of TE (lOmM Tris, ImM EDTA, pH 
7.4), and lSfll of a Imglml solution of Ribonuclease H added, and incubated at 37°C for 
30min. An aliquot of 300111 of 3M sodium acetate (pH5.2) was then added, vortexed for 
lOs, and precipitated with 200fli of isopropanol. The DNA was pelleted by centrifugation 
at 12000rpm for 5min. The supernatant was discarded, and the pellet dried and 












2.7.1 DNA qnantitation 
Purified DNA was spectrophotometrically quantitated by diluting the DNA in 
H20 (1 : 10, 1: 100, and 1: 1 000) and taking absorbance readings at 260nm in a 
spectrophotometer (Beckman). Concentration was calculated as in AusubeI et al., (1995). 
2.8 Polymerase Chain Reaction (PCR) 
2.8.1 PCR Primers 
Primers were designed for the LMAlIthioredoxin 2 (TRX2) and the silencing in 













Primer name Sequence Sequence 
position 
FTRX2.P -339 5'-AAAGTC TTGTTGAGCCCGGTAA- 3' 
RTRX2.V3 -170 5'-CGCTTAGT AAGAAAAGAGCC- 3' 
RTRX2 +250 5'-CCTTACCGCCCTTGTAGAAGATTA- 3' 
FSIR 4.IF -2S0 5'-GCTATAACGTCCTTAAACATG- 3' 
RSIR4.V3 -lOS 5' -CGCTTATTTCGTT AT AGGTTT -3' 
RSIR4 +233 5'-AACTGTTTATGGGAAGT CGTTTT -3' 
I j 
Table 5: Primer sequences used in tbe amplification of tbe LMAIITRJQ and SIR4 promoter 
regions. 
2.8.2 Amplification of TRXl and SIR4 promoters 
The amplification of the promoters for the TRX2 and SlR4 genes were performed by the 
Polymerase Chain Reaction (PCR) using 10-100ng of genomic DNA as a template in a 
50Jll reaction volume containing 5Jll of lOX pfu DNA polymerase buffer (Promega), 1 Jll 
of 3U pfu DNA polymerase (Promega), O.3Jll of 150JlM dNTP and 0.5JlM of each primer. 
The thermo cycling parameters were as follows: an initial denaturation step at 94°C 
followed by 35 cycles consisting of 94°C incubation for Imin, annealing step of 50°C for 












was perfonned and the reactions held at a temperature of 4°C until use. All PCR products 
were verified for correct size by agarose gel electrophoresis. 
2.9 Indirect end labeling 
2.9.1 Secondary digest of micrococcal nuclease digests 
Restriction enzyme digests were perfonned by adding 7111 from a master mix containing 
2111 H20, 2.5111 lOX restriction enzyme buffers and 2.5111 of enzymes to each sample to be 
digested. The samples were incubated at 37°C for at least 3hr to overnight, and 5111 of6X 
loading dye (Promega) was added to each of the digested samples. From each sample 2Jll 
were loaded on a 1 % agarose gel for confinnation of the completeness of the enzymatic 
digest. The remaining samples and 100bp molecular weight marker (Promega) were 
loaded on a large 1 % agarose gel (20 X 25cm) run at 30V for I5hrs (Kent et al., 1993) .. 
2.9.2 Southern blotting 
The top right had comer of the agarose gel was clipped prior to denaturing the DNA 
within the geL The gels were incubated in 10 gel volumes of denaturation solution (1.5M 
NaClIO.5M NaOH) with gentle shaking at room temperature for two 15 min treatments. 
The gel was rinsed in 10 gel volumes of H20 and the DNA neutralized by adding 10 
volumes of neutralization solution (1.5M NaClIO.5M Tris-Cl. (pH7.0)/lmM 
EDT A) (Kent et ai., 1993). 












The gel was transferred to a solid support consisting of 3X Whatman 3MM paper wick 
placed over a glass plate in a half filled dish with 20X SSe. The gel was placed on top of 
a wick and blotted against 20X SSC to a nylon hybridization membrane (GenescreenPlus, 
Amersham). A 15cm layer of paper towels was placed on top with a 0.2-0.4kg weighted 
object and left overnight. The transfer was confirmed by long wavelength uv 
transillumination. The DNA was UV cross-linked to the membrane and rinsed in 2X SSC 
at room temperature (Ausubel et al., 1995). 
2.9.3 Probe preparation 
All probes were quantitated by a UV spectrophotometry and the DNA radiolabeled with 
50J!1 [0,)2 P] dCTP by the random prime method (Prime-A-Gene, Promega) using the 
accompanying protocol with one minor adjustment. The reaction was allowed to proceed 
for 3hrs instead of the recommended Ihr as this ensured a higher percentage of [0,_32 P] 
dCTP incorporation. The unincorporated nucleotides were removed with a SigmaSpin 
Post-Reaction column using the accompanying protocol (Sigma). The percentage 
incorporation of the [a)2p] dCTP was determined by liquid scintillation using a 
Beckman LS 5000 TD Liquid Scintillation Counter, using 1 J!l aliquots from before and 
after purification. 
2~9.4 Hybridization of Probes 
The nitrocellulose membrane was pre-hybridised in 10ml-20ml pre-hybridisation buffer 
(1.5X SSC, 5X Denhardt's, 0.1 %SDS) at 64°C for 3hrs in a hybridization oven. The 












quenched on ice for 2 min. The probe/salmon sperm DNA mixture was added to pre-
hybridisation buffer and hybridised at 64°e for 12-18 hrs in a hybridization oven. 
The blot was washed once in 100ml wash buffer (2X SSe/O.1 % SDS) for 20min at 600 e 
and twice in wash buffer at 64°e for 15 min. The blot was sealed in a transparent plastic 
bag and exposed to a small phosphor storage screen (Kodak) for 2 days. Visualization 
was performed using a Personal molecular imager FX Phosphoimager (Bio-Rad) and 
analysis performed using Quantity One software (Bio-Rad). 
2.10 Reprobing of Southern blots. 
Probed blots were placed in boiling 0.1 % SDS and were then transferred to a 
hybridization oven for 1hr at 64°e with gentle agitation. The membrane was sealed in a 
transparent plastic bag and exposed to a small phosphor screen (Kodak) for 3 hrs. The 












Chapter 3: Chromatin appears less susceptible to Mnase cleavage in the 
absence of histone H3 K4 methylation. 
3.1 Introduction 
The yeast Saccharomyces cerevisiae has become the preferred model orgamsm for 
studying the association between histone post-translational modifications and 
transcription (Liang et ai., 2004). The yeast Setl p protein was identified as a histone 
methyltransferase specific for histone H3 lysine 4 (H3-K4) (Roguev et al., 2001; Boa et 
al., 2003). The microarray data from a set - 1 strain showed a decrease in gene expression 
in 80% of ORFs in the absence of the Setlp protein (Boa et al., 2003). This correlates 
with the findings of Bernstein et al., (2002) that showed that the di-methylation of H3K4 
in coding regions relates with transcriptional activity. The experiments by Santos-Rosa et 
al., (2002) indicated that tri-methylation occured only at the 5' end of active genes, while 
di-methylation occurs at both active and inactive genes. In contrast, the Set! protein and 
H3K4 methylation maintained ribosomal DNA and telomeric silencing (Nislow et aI., 
1997; Briggs et al., 2001; Bryk et ai., 2002). 
To address the question whether the main role of methylation of H3K4 by Setl p was to 
maintain chromatin structure in a specific state in S.cerevisiae in vivo, we isolated nuclei 
from wildtype and set r strains and analyzed the chromatin structure nuclei by Mnase 
digestion. We proposed, as a tirst approximation, that Mnase susceptibility of the 













3.2.1 Nuclei preparation 
In order to determine the effect of H3K4 methylation on Mnase accessibility of 
chromatin we isolated nuclei from wildtype and selF strains, and digested the chromatin 
in each strain with different concentrations of Mnase. The nuclei concentrations were of 
equal concentration in both the wildtype and selF strains throughout the experiments and 
were equilibrated as explained in section 2.3.1. We were especially interested in apparent 
changes in digest extent at given concentrations, since this could represent differences in 
the accessibility and presumably structure of the underlying chromatin. 
3.2.2 Micrococcal nuclease digestion: DNA structure and nucleosome 
arrangement 
Micrococcal nuclease is an endonuclease which cleaves double stranded DNA in the 
absence of bound proteins. In these experiments the endonuclease cleaved the linker 
DNA between each successive nucleosome. This cleavage pattern would have the 
appearance of a DNA ladder when visualized on ethidium bromide stained agarose gel. 
The gel in Figure lOis a representation of the chromatin organization within a wildtype 
and a selF deleted strain. The nuclei were treated with increasing concentrations of 
micrococcal nuclease (MNase) (lanes 1-6), purified and run on a large agarose gel. All 
the variables in generating these data were kept constant for both the wildtype and the 











nuclei were of a high quality. as both Mnase treated and naked undigested untreated 
genomic DNA had no appearance of degradation before digestion. 
The presence of longer nucleosome oligomers at equal concentrations of Mnase in the 
wildtype strain suggested that the wildtype chromatin appeared to be more sensitive to 
MNase digestion than the setF deleted strain. In the wildtype there appears to be 
increased hypersensitivity to the MNase, which cleaves the DNA more rapidly and 
releases small mono and oligonucleosomes. By the analysis of each lane there appears to 




















Fig 10: Chromatin structure in the wildtype and selF strains. 
Chromatin in the wildtype and selF strains was digested with increasing concentrations of Mnase. 
(M) BstEIl lambda marker, (G) genomic DNA Wildtype nuclei were digested with 0.47 Villi 
(lane!), 0.94 Villi (lane 2). 1.88 Villi (lane 3), 3.88 Uilll (lane 4), 7.5 Uilll (lane 5), I 5 Villi 
(lane 6) ofMnase. SetF nuclei were digested with 0.47 Villi (lane!), 0.94 VillI (lane 2) 1.88 Villi 
(lane 3), 3.88 Villi (lane 4), 7.5 V/Il' (lane 5), 15UIIlI (lane 6) Digestion of free DNA did not 
result in a regular pattern (data not shown). This is an ethidium bromide stained agarose gel 












The setF strain appears to have uniformly spaced nucleosomes at the Mnase 
concentrations examined. The overall appearance of the DNA fragments show a sharp, 
intense banding pattern, with clearly observed mononucleosomes in comparison to the 
wildtype. Both the wildtype and setl - strains appear to have the nucleosomes uniformly 
spaced, although wildtype begins to loose its uniformity with increased Mnase while the 
setF strain retains most of it at an equivalent concentration. If the Mnase concentration 
were increased in the setF strain, then we would have seen the ""fUzzy" bands observed in 
wildtype lanes 4-6. The wildtype lane 2 has the same appearance as lane 6 in the setl-
strain. 
By observing the behavior on the graphs (Fig 11) for both the wildtype and setr strain, it 
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Figure 11: DNA oligomeric sizes as determined from 100bp molecular weight ma.ke. for a 
wildtype and setr strains 
The data shown are sizes of DNA bands in (Fig} 0) for increasing concentrations of Mnase for 
nuclei isolated for a wildtype and setl- strain. Digestions were done with yeast nuclei and sizes 












3.2.3 Nucleosome repeat length for the wild type and a selF strain 
The nuc1eosome repeat length for the yeast S.cerevisiae during log phase growt_h is 
approximately 165 ± 5 (Hortz and Zachau, 1980; Thomas and Furber, 1976). This 
represents the dyad to dyad spacing between nucleosomes i.e., the DNA associated with 
the nucleosome core (-146bp) along with the linker DNA (-20bp) on one side (Van 
Holde et ai, 1979). 
Figure 12 depicts the repeat length of DNA fragments digested with inereasing amounts 
of Mnase. In the experiments represented here, the repeat length was calculated from the 
slope of the linear regression for each lane where there were at least three nucleosomal 
bands visible (Fig12). It was evident from the gradients that the wildtype is more open to 
Mnase digestion than the selF strain. There is an observable variation of repeat length 
between these two strains. At low Mnase concentrations the repeat length is higher and 
theres a greater variation for this value at higher Mnase concentrations. There is little 
variation between the sizes for the average repeat length at higher concentrations 
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Figure 12. Determinations of nucleosome repeat length for a wild type and setr strains 
The nucleosome repeat lengths were calculated from the slope of the linear regression in a wildtype and a 












3.2.4 DNA repeat length and Mnase concentration 
Since observed nucleosome repeat lengths are sensitive to Mnase concentration; mostly 
due to sliding at higher Mnase concentrations, the nucleosome repeat length is most 
accurately determined by extrapolation of the relation between Mnase concentration and 
apparent repeat length to zero Mnase concentration, as is shown in Figure 13 (van 
Holde, 1989) . 
The graphs in Fig 13 depict the change of nucleosome repeats with the concentration of 
Mnase in the wildtype and setr deleted strains. These repeat lengths changes in both 
strains with given Mnase concentrations. It can clearly be seen from this graphs that the 
wildtype has a more rapid trimming of the chromatin. The ditlerence is a graphical 
confirmation that the chromatin in the wildtype is digested down to smaller sizes more 
rapidly than the setF strain. The nucleosome repeat length of the setF strain is shorter 
than the wildtype strain. This is evident by the extrapolation of Mnase concentration 
equal to zero (Fig 13), which showed that the wildtype has a repeat length of 162.5bp and 
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Figure 13: DNA repeat lengths as a function of Mnase concentration for a wildtype and selF 
strains. 
The data shown are tor a wildtype and a setF strain with increased [0.47-15 ulJ1l] Mnase 













Yeast nuclei were successfully isolated from a wildtype and a set r strain. These nuclei 
were treated with increasing concentrations of Mnase, and the length of the DNA 
associated with the chromatin fragments analyzed on an agarose geL From the gel and 
corresponding graph it was determined that the setr strain was more resistant to Mnase 
cleavage in comparison to the wildtype strain. From the graph, the repeat lengths were 
determined for both the wildtype and the setr strain. From these values the wildtype 
appeared to be more accessible to Mnase in the linker region than the setr strain. The 
repeat lengths were smaller in the setF strain. This could be clearly seen when the repeat 












Chapter 4: The positioning of nucleosomes obtained from in vivo 
chromatin digestions and indirect end-labeling at the TRXl and SlR4 
promoters 
4.1 Introduction 
Many advances have been made in understanding the relationship between histone 
post-translational modifications, chromatin structure and transcription. It was shown by 
Hui Ng et al., (2003) that the Setlp methyltransterase was targeted to the 5' end of 
mRNA coding regions via the recognition of RNA polymerase II associated proteins Kin 
28, Rtfl and Pafl. 
I have shown by micrococcal nuclease digests of a wildtype and setF deleted strain that 
in the absence of Setl p methyltransferase, there was an apparent change in chromatin 
structure as suggested by a change in nucleosome accessibility (Chapter 3). To 
understand this change in chromatin structure, I chose two candidate gene promoters that 
displayed a significant increase or decrease in transcriptional activity in the absence of 
histone H3K4 methylation (Boa et ai., 2003). The genes chosen were the silent 
injormation regulator 4 gene (SIR4) which had a 2 told increase, and the LMAI or 
thioredoxin 2 (TRX2) gene, which had an 8 fold decrease in transcriptional activity in the 
absence of H3K4 methylation. In our approach to understand how nucleosomes positions 
are aflected at these promoters, low resolution mapping was performed. We were 
specifically interested in the position of nucleosomes on the promoters of the SIR4 and 












present, which would provide a link, possibly indirect, between H3 methylation and gene 
expression. 
4.2 Chromatin organization of the SlR4 promoter for a wild type and 
setF strain in vivo. 
To determine whether the upregulation of the SIR4 gene is due to a change in the 
chromatin structure, sphaeroplasts were isolated from a wildtype and set r strain. Low 
resolution chromatin analysis was performed by indirect end- labeling in order to analyze 
two regions within the SIR4 gene. To map these nucleosomes, sphaeroplasts were 
isolated from both a wildtype and selr strain (Fig14). These sphaeroplasts were treated 
with different concentrations of Mnase, and the DNA fragments resolved by agarose gel 
electrophoresis. For indirect end labeling, the Mnase digested DNA was cut with a 
restriction endonuclease that cleaved adjacent to the area of interest. The fragments were 
then run on a large agarose gel, and the gel was blotted to a nitrocellulose membrane. The 
membrane was probed with a radiolabeled peR fragment corresponding to an end 
bordering the cleavage sequence. The indirect end labeling technique was performed 
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Figure 14: The chromatin indirect end labeling method 
Chapter 4 
RE 
(A) isolation of yeast sphaeroplasts (B) Secondary digest with a restriction enzyme 5'to 
the probe(C) Transfer to a nitrocellulose membrane and probe with radiolabelled peR 












4.2.1 Chromatin structure of the SlR4 promoter at position -280- to +233 
A probe was generated from a SIR4 gene sequence from position -280 to position +233. 
This sequence was analyzed for consensus binding elements and transcription factors 
using the Transfac database. Structural features of the SIR4 promoter include the A TO 
start codon (+1), the TATA box (-I) and the poly (dA-dT) (-2) sequences (FigI5). The 
isolated sphaeroplasts from a wildtype and set r strain were digested with increasing 
amounts of Mnase, digested with DraI and BstEII restriction enzymes, 
electrophoresed (Fig16), transferred to a nitrocellulose membrane, and probed with the 
513bp PCR product which was labeled with [a_32p] dCTP. 
From these results (Fig 17) in the setr strain (lanes 7, 8, 9), there appears to be 
significant difference in the accessibility of the DNA in the linker region compared to the 
nucleosomally wrapped DNA (lanes 10-13). This is evident when looking at nucleosome 
core particles NCP -2 and -1. It also appears that the DNA is more extensively cleaved in 
the set F strain compared to the wildtype strain (lanes 4, 5, 6). There is a slight difference 
in the locations of cleavage within the linker DNA between the set rand wildtype strains, 
suggesting that the nucleosomes may be ditlerently positioned on the SlR4 promoter in 
the selF and wildtype strains. Since the methylation by Setl p occurred on the 
H3 N-terminal tails, it is unlikely to have influenced nucleosome positions due to 
ditterences in the binding of the centrally located octamer. Although there are clearly 
defined NCPS at these positions with increasing Mnase, the apparent loss of nucleosome 
















Figure 15: Map of the SIR4 promoter in the yeast S. cerevisiae 
The localization of the two probes used in the analysis of the SIR4 promoter. The functional sites, 
A TG- start codon, TAT A box and a poly (dA-dT) stretch are regions tor transcription factor 
binding sites. The sites which flank the SIR4 gene are defmed by two Dral sites. Probe I 
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Figure 16: Digests of wild type and setF spbaeroplasts and naked genomic DNA 
Chapter 4 
Genomic DNA was digested with lOUlll1 restriction enzymes BstEII (lane 1), Dral (lane2) and 
DraIlBstEll (lane3). Chromatin from wild type and the setF sphaeroplasts was digested with 
0.470/111 (lane 4), 0.94U/IlI (lanes 5 and 7), 1.88UIIlI (lanes 6 and 8) and 3.88UIIlI (lane 9) 
Mnase. Genomic DNA was digested with 2.0UIIlI (lanelO), 0.75U/lli (lanell), 0.20U/IlI, (lane 
12) and O.lOUllll (lane 13) Mnase. The Mnase digests were sUbjected to secondary digests with 
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Figure 17: The chromatin organization of the SIR4 promoter at position -280- to +210 in a 
wiJdtype and setT strain during log phase growth. 
Mnase cleavage sites were mapped relative to a 513bp probe adjacent to a Oral site. Genomic 
DNA were digested with 10U/I11 restriction enzymes BstEll (lane 1), Oral (Iane2) and 
DraUBstEll (Iane3). Chromatin from wild type and selF sphaeroplasts were digested with 
0.47U/I1I (lane 4), 0.94U/111 (lanes 5 and 7), 1.88U/111 (lanes 6 and 8) and 3.88U/111 (lane 9) 
Mnase. Genomic DNA was digested with 2.0U/J1l (lanelO), 0,75U/J1I (lane! 1), 0.20U/I1I, (lane 
12) and O.IOU/J.!l (Jane13) MNase. The Mnase digests were subjected to secondary digests with 
lOUlIl! of Oral 1 BstEII. Protected areas that appear to correspond to positioned nucleosomes are 
shown on the side of the gel. White ovals represent nucleosomes which are not clearly detined 













4.3 Chromatin organization of the TRX2 promoter for a wild type and 
selF strain at low resolution 
To determine whether the repression of the TRX2 protein is due to a change in the 
chromatin structure we employed the same methods as for the SIR4 promoter chromatin 
mapping. This gene had an 8 fold decrease in transcriptional activity as shown by 
microarray analysis (Boa et at., 2003). 
Probe 1 589bp 




-300 -200 -100 
Poly( dA-dT) TATA 
-389 ATG +252 
YGRlI0ClTRX2 ORF 
Figure 18: Map of the TRX2 promoter in the yeast S. cerevisiae 
The localization of the two probes used in the analysis of the TRX2 promoter. The localization of 
the two probes used in the analysis of the TRX2 promoter. The functional sites, A TG- start codon, 
TAT A box and a poly (dA -dn stretch are regions for transcription factor binding sites. The sites 
which flank the TRX2 gene are defined by two BstEII sites. Probe 1 hybridizes in region -339 to 












4.3.1 Chromatin structure of the TRX2 promoter 
The TRX2 probe was generated from a TRX2 gene sequence from position -339 to 
position +250. This sequence was analyzed for consensus binding elements for 
transcription factors with the Transfac database. Structural features of the TRX2 promoter 
are the ATG (+1) start codon, the TATA box (-1) and the poly (dA-dT) (-2) 
sequences (Fig 18). 
The isolated sphaeroplasts from a wild type and selF strain were digested with increasing 
amounts of Mnase, digested with DraI and BstEII restriction enzymes, 
electrophoresed (FigI9), transferred to a nitrocellulose membrane and, probed with the 
589bp PCR fragment which was labeled with [a_32p] dCTP. 
Fig 20 illustrates the chromatin structure of the TRX2 promoter and reveals that there are 
two nucleosome positions, at NCP -2 and -1. The selF strain has increased accessibility 
to Mnase in the linker region at NCP -2 compared to the nucleosomally wrapped DNA. 
The wildtype appears to have similar levels of Mnase accessibility at NCP -2 as in the 
selF strain. In Fig 20 the wildtype footprints is slightly upstream compared to the selF 
strain, suggesting that at NCP -2 there is a change in chromatin structure or a change in 
the nucleosome position. NCP- 2 is situated on a possible poly (dA-dT) site and the 












Wildtype Setr Genomic DNA 
Figure 19: Digests of wildtype and selT sphaeroplasts and naked genomic DNA with 
increasing concentrations of Mnase. 
Marker 100bp followed by genomic DNA which were digested with 1 OU/~ restriction enzymes 
BstElI (lane 1), DraI (lane2) and DraVBstEII (lane3). Chromatin from wild type and the selF 
sphaeropJasts was digested with 0.47U/J.LI (lane 4», 0.94U/IlI (lanes 5 and 7), 1.88U/IlI (lanes 6 
and 8) and 3.88U/J.LI (lane 9) Mnase. Genomic DNA was digested with 2.0U/I1I (lane 10), 0.75U/IlI 
(Ianel!), 0.20U/111 (lane 12) and 0.10U/IlI (lane I 3) Mnase. The Mnase digests were subjected to 
secondary digests with IOU/Ill of Oral and BstEII. This is an ethidium bromide stained agarose 
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Figure 20: The chromatin organization ofthe TRX2 promoter at position -339 to +250 in a 
wildtype and setT strain during log phase. 
Mnase cleavage sites were mapped relative to a 589bp probe adjacent to a BstEII site. Marker 
100bp followed by genomic DNA which were digested with IOU/Ill restriction enzymes BstEIJ 
(lane 1), Oral (lane2) and DraIfBstEII (lane3). Chromatin from wild type and the selr 
sphaeroplasts was digested with 0.470/111 (lane 4), 0.94U/1l1 (lanes 5 and 7), 1.88U/1l1 (lanes 6 
and 8) and 3.88U/1l1 (lane 9) Mnase. Genomic DNA was digested with 2.0U/Jll (lanelO), 0.75U/IlI 
(Ianell), 0.20U/1l1 (lane 12) and O.lOU/1l1 (Iane13) Mnase. The Mnase digests were subjected to 
secondary digests with 10U/Il1 of Oral and BstEII. The nucleosome positions are indicated on the 
side. White ovals represent nucleosomes which are not clearly defined and dark ovals represent 












4.3.2 Analysis of the TRX2 promoter at position -339 to -170 
The 589bp probe gave an indication of the chromatin organization at the TRX2 promoter 
region. These results were confirmed by shortening the 589bp probe (-339 to +250) to 
169bp (-339 to -170). The same method as described above was used to analyze this 
region but the Mnase digest was done for 5 minutes. The genomic DNA digest was done 
at lower Mnase concentrations as to ensure not to over digest the DNA (Fig 21). The 
J69bp probe was labeled with [a_32p] dCTP, the blot was hybridized, and exposed to a 
phosphor screen for two days. 
The results obtained were similar to those seen with the 589bp probe (Fig 22). As 
previously seen in Fig 20, there appeared to be nucleosomes associated at both NCP -1 
and -2. With the longer probe the setT strain was slightly more accessible to Mnase at 
NCP-2 (Fig 22). The footprints were shifted slightly upstream in the setT strain in 
comparison to the wildtype strain, confirming the first result which showed that there was 
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Figure 21: Digests of wildtype and setF sphaeroplasts and naked genomic DNA with 
increasing concentrations of Mnase. 
Genomic DNA restriction enzyme digest were done with 10Ulfll BstEII (Jane 1) and Dral (Jane2) 
Chromatin from wild type and the selF sphaeroplasts was digested with 0.47V/flI (lane 3), 
0.94V/fll (lanes 4 and 6), 1.88U/fll (lanes 5 and 7) and (lane 8) 3.88U/fll Mnase. Genomic DNA 
was digested with IOU/fll (lane9), 2V/fll (lane 1 0), IV/fll, (lane 11) and O.IOU/flI (Iane12) Mnase. 
The Mnase digests were subjected to secondary digests with 10U/fll of Dral and BstElI. This is 
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Figure 22: The chromatin organization of the TRX2 promoter at position -339 to -170 in a 
wild type and selF strain during log phase. 
Mnase cleavage sites were mapped relative to a 169 bp probe adjacent to a EstEll site. Genomic 
DNA restriction enzyme digest were done with lOU/)11 BstEII (lane 1) and Oral (Iane2) 
Chromatin from wild type and the setF sphaeroplasts was digested with 0.47U/)1I (lane 3), 
0.94U/)11 (lanes 4 and 6), 1.88U/)11 (lanes 5 and 7) and 3.88U/)11 (lane 8) Mnase. Genomic DNA 
was digested with 10U/)11 (lane9), 2 U/)lI (lane I 0) and 1 UlIlI, (lane II) Mnase. The Mnase digests 
were subjected to secondary digests with IOU/)11 of Oral and BstEIl. The nucleosome positions 
are indicated on the side. White ovals represent nucleosomes which are not clearly defined and 














Two promoter regions were analyzed each with two different probe lengths. The larger 
probe was used for general analysis and the smaller for high resolution mapping. The 
SIR4 gene was upregulated and the TRX2 was downregulated in the setF strain. The low 
resolution method provided us with a clear insight into the different levels of structural 
organization during the growth phase of a wildtype and set F strain. The results indicated 
that there were differences between the chromatin structure and transcription at the SIR4 
promoter. 
The high resolution mapping at the SIR4 promoter showed that the DNA was more 
extensively digested in the setF strain in comparison to the wildtype. The increased 
Mnase accessibility at NCP-2 in the setF strain suggested alternate nucleosome positions, 
longer repeat length or a lower nucleosome density. 
The chromatin organization of the TRX2 promoter at high resolution showed that the 
footprints were higher in the set r strain than in the wildtype. This suggested that there 












Chapter 5: Discussion 
Histone lysine methylation has become synonymous with gene silencing and 
heterochromatin formation. Biochemical and genetic studies by Nielsen et 01., (2001) and 
Schultz et 01., (2002) showed that gene silencing was dependent on the interaction of 
histone H3K9 with the HPI protein, a transcriptional repressor. 
In contrast, budding yeast S cerevisiae was shown to lack H3K9 methylation. The 
mechanism by which genes are silenced in Scerevisiae is still unclear, but recently it was 
shown that H3K4 methylation is present at both active and inactive genes. 
In Scerevisiae. the Setlp methyltransferase functions as an 8 protein complex known as 
COMPASS, which is responsible for 50% of the total H3K4 methylation (Krogan et 
ai.,2002; Boa et of., 2003). Functional studies have shown that this methylation mark is 
responsible for both ribosomal and telomeric silencing, which is independent of Sir2p 
binding (Bryk et al., 2002). 
The hypothesis was that these antagonistic and repressive states could be due to a local 
change in chromatin structure. I tested this hypothesis through the isolation and digestion 
of wildtype and selF nuclei and sphaeroplasts from Scerevisiae with micrococcal 
nuclease. From these results I observed a significant change in nuclease susceptibility 
between a wildtype and the set r strain. The wildtype was much more sensitive to Mnase 
cleavage at the linker region in comparison to the selF strain. From these observations it 
was clear that the set F strain had an appearance more typical of heterochromatin, which, 
when cleaved with Mnase, produces sharper, more intense nucleosomal bands. It was 












This extra protection at linker regions could be evidence of chromatin binding protein 
such as the Sir proteins. It was shown that the Sir3p and Sir4p proteins could bind to the 
tails of his tones H3 and H4 (Rusche, et al., 2002). This interaction could cause the spread 
of Sir3p and Sir4p proteins across the genome. The methylation of H3K4 was shown to 
be involved in telomeric silencing and, in comparison, the expression of the SirJ protein 
influences silencing at telomeres (Bryk et al., 2002; Wolffe, 1998). The SirJ and Sir4 
proteins may not be dependent on methylation of H3K4, but they exert the same 
characteristics as at silenced loci. This could be one of the reasons why setF Mnase 
digest has the appearance of heterochromatin, and further evidence showed it had a 
shorter repeat length. In contrast, histone methylation (mono- and di-methylation) was 
present at both active and inactive genes. The concentration of a particular level of 
methylation at these areas could influence Sir3p and Sir4p binding and heterochromatin 
formation. 
The wildtype chromatin could clearly be seen to be sensitive to increased levels of 
Mnase. The bands were not as distinct as in the setF strain and this corresponds to data 
by Hui Ng et al., (2003) who showed that the occupancy of Setlp causes an increase in 
RNA polymerase II transcription. This is evident when looking at the ditlerences in the 
nuc1eosomes positioned on both the SIR 4 and TRX2 promoters. In both cases the 
footprint of the nuc1eosomes in the set F strains appeared slightly smaller than in the 
wildtype strain. This could be due to local changes in chromatin structure. In addition it 
could also due to various transcription and remodeling factors which are not only 
dependent on histone H3K4, methylation but also the occupancy of the Setl p protein. 












that at certain loci the IswIp ATPase is dependent on H3K4 methylation at the Met16 
locus. Although in the absence of this modification it did not completely abolish the 
binding of the Iswlp ATPase (Santos-Rosa et al., 2003). It was thus evident that the S. 
cerevisiae had certain spatial boundaries which are not solely dependent on H3K4 
methylation for transcription. 
By comparing the repeat lengths it was evident that the set F stain was less susceptible to 
Mnase cleavage than the wildtype within the linker region. It was known that the lysine 
rich histones (HI. H5) and non-histone proteins interacted with the linker DNA. During 
active transcription with the removal of HI, there could be a variation in repeat length 
between both strains. The average repeat length of the wildtype was shorter than the setF 
strain for the corresponding Mnase concentrations. In contrast, the set r strain had repeat 
lengths which were larger than the wildtype, but significantly shorter than the -I60bp 
calculated for S. cerevisiae. The results of the Mnase digest clearly showed that there is a 
difference between the wildtype and set r chromatin during log phase growth. 
It was previously reported that in the absence of H3K4 methylation, there was a decrease 
of approximately 80% of genes (Boa et al., 2003). The loss of methylation of H3K4 by 
Setl p has both positive and negative effects on particular genes during transcription. It 
was documented that the presence of nucleosomes was an indication of gene repression, 
and the dissociation of nucleosomes was associated with transcriptional activation. The 
results obtained through Mnase digest and indirect end labeling of the SIR4 promoter, 
showed that there was a difference in the chromatin structure between the wildtype and 












transcription of the Sir4 protein. The expected result would have been a loss of 
nucleosomes which would be an indication of transcriptional activation. In contrast, 
nucleosomes could clearly be seen at positioned at NCP -1 and -2. There was one 
nuclease-hypersensitive site at the promoter region corresponding to the poly (dA-dT) 
region. This hypersensitive site was clearly more defined in the setr strain than in the 
wildtype. This could be a possible cis-acting sequence which would regulate the 
expression of the SIR4 gene by trans- acting factors. This would be one of the reasons 
why there was a two fold increase in SIR4 expression in the set r strain. It was shown by 
Hui Ng el al., (2003) that the Set! is recruited to the 5'end by RNA polymerase II 
elongation machinery which would lead to nucleosome dissociation. The selr strain had 
no nucleosome associated at NCP +1. The methylation of H3K4 at NCP +1 could be 
required for chromatin remodeling, and the regulation of the SIR4 gene, but not necessary 
for RNA polymerase II elongation. The loss of Set I interaction with the RNA polymerase 
II elongation machinery could influence gene transcription in a stoichiometric manner, 
which would lead to a reduction in the level RNA polymerase II or one of its subunits 
(Boa el al.,2003). 
The TRX2 gene had an 8 fold decrease in transcription, which was experimentally 
determined from microarray analysis (Boa el al., 2003). One Mnase hypersensitive site 
was detected at NCP-2 in both the wildtype and the selr strain. Both the wildtype and 
selr strain footprints were similar, as both had nucleosomes positioned at NCP -2. The 
only difference was the footprints in the selr strain were slightly higher at NCP -2 in 












could not gain access to the underlying regulatory sequence which is dependent on the 












Chapter 6: Conclusion 
The chromatin structure of a wildtype and setr strain was analyzed. The chromatin ofthe 
wildtype was more prone to Mnase cleavage than that of the set r strain, which exhibited 
the appearance of heterochromatin. The high resolution mapping of the SlR4 and TRX2 
promoters showed that there was a significant difference in the nucleosomal organization 
in the setF strain in comparison to the wildtype strain. These differences were attributed 
to a change in nucleosomal position or differences in the repeat length. These findings 
suggested that the S. cerevisiae Setl p caused a change in the chromatin structure by 
methylating H3K4. The mechanism by which this modification influences chromatin 
structure is still unclear. 
There have been various papers describing the mechanism by which H3K4 methylation 
by Set! p could influence the chromatin structure. It was shown that the different 
methylation states of H3K4 was important for a genes transcriptional state and this 
contributes to the association of Iswlp ATPase with chromatin on certain yeast genes 
(Santos-Rosa et al.,2003). 
The Setl p localization at the 5' end of ORFs was shown to be dependent on the TFIIH-
associated kinase that phosphorylates the Pol II C- terminal domain and is responsible for 
the transition between initiation and elongation (Hui Ng et al., 2003). 
These findings suggest that the factors which influence chromatin structure are dependent 












chromatin binding proteins which are dependent on these modifications could also 
influence the chromatin structure. 
From these experiments there was a clear link between H3K4 methylation by Setlp and 
the differences between chromatin organization within S. cerevisiae. The gene loci that 
were analyzed had a significant change in chromatin structure which may not be directly 
influenced by H3K4 methylation. The levels of methylation at H3K4 in certain parts of 
the genome may act as boundaries which prevented the spreading of proteins involved in 
gene silencing. The position of these gene loci as well as their methylation states could be 
factors attributing to their expression in the absence of Set 1 methylation ofH3K4.This 
methylation mark may influence the functions of various transcription and remodeling 
factors. 
Future experiments making use of chromatin immunoprecipitation (Chip) techniques, by 
directing antibodies against di- and tri- methylated H3K4 at gene loci known to be 
influenced by these methylation marks. This technique can be used to understand the long 
term etfects of this methylation mark as well as its propagation throughout the cell cycle. 
Experiments which could be useful is the site directed mutagenesis of amino acid 
residues within the active site involved in the methyl transfer to H3K4. Further 
micro array and structural analysis should be done to determine to what degree the 
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